I. INTRODUCTION
T HE increasing demand for bandwidth in mobile communication services has fueled the search for higher capacity wireless systems. This search has created a commercial interest in spread-spectrum (SS) systems which offer significant capacity improvement in multiple access (MA) systems. Although a great deal of emphasis has been placed on direct sequence spread spectrum (DS/SS), recent developments in frequency-hopping multiple-access (FHMA) technology [1] - [11] have resulted in commercial applications such as mobile cellular communications, personal communications and wireless local area networks (LANs) . On the other hand, FHMA systems have been considered for a variety of military applications due to their frequency diversity and resistance to the near-far problem [12] .
In FHMA systems, each active user transmits -ary frequency shift keying (MFSK) modulated signals with independent hopping patterns over a given common spread bandwidth. Therefore, detection of symbol from the reference transmitter is affected by the signals from other nonreference users transmitting simultaneously at the same frequency. This phenomenon is known as a "hit". The performance measure that one may be interested in is the number of users for which communication is possible with the error probability below a certain desired value. This is called the achievable region. This performance measure allows one to determine the maximum number of users that can simultaneously transmit.
In this paper, we present a novel receiver with additional correlators and an noncoherent MFSK demodulator, which offers the performance improvement without incurring much of the implementation complexity. In FHMA systems, synchronous hopping of all users is useful to mitigating the effect of multiple-access interference under some special conditions, but it is technically very difficult to achieve this kind of synchronization in practice, specially in decentralized systems. Therefore, our system is assumed to operate in an asynchronous manner. That is, the transmission times between various users are not coordinated. When the observed signal is hit, it is expected to utilize the delay between the desired signal and interference signals of nonreference users to reduce the effect of interference. In order for the error probability of the receiver to be below a certain desired value over Rayleigh channel and further mitigating the effect of multiple-access interference, the Reed-Solomon (RS) coding with fixed rate is considered because of its good burst error-correcting capability.
In Section II, we establish the system model and present the construction of the novel FH/MFSK receiver. Section III concentrates on the analysis of bit error rate of the novel MFSK receiver with Rayleigh fading. Numerical results and comparison between the novel and conventional receivers are given in Section IV. Finally, this paper is concluded in Section V. , where is first-order Markov sequence so that two consecutive hopping frequencies are always different. This assumption guarantees that two adjacent hops of the reference user are not hit together by an nonreference user. It is assumed that the hits due to multiple-access interference are independent from hop to hop. In fact, Hegde and Stark [4] has proven that though the hits exhibit an underlying Markov structure, the independence assumption is quit accurate. When the RS coding is employed, the minimum system bandwidth is given by (1) It is assumed that the channel between any transmitter and the reference receiver is a slow Rayleigh fading channel, where "slow" means that the signal amplitude can be assumed to be fixed in one symbol.
II. SYSTEM MODEL
Corresponding to the transmitter, the receiver consists of a frequency dehopper, a noncoherent MFSK demodulator, a hard decision device and a Reed-Solomon (RS) decoder. To reduce the effect of multi-access interference (MAI), a number of partial correlators in the demodulator of novel receiver are used. Fig. 1 makes use of information extracted from the previous and the next symbol interval to improve the robustness to MAI of the decision related to the present symbol interval. In Fig. 1 , is the conventional square law detector output and is the square law detector output for the earlier and later side information. The decision variable is equal to . Since the desired signal component is only contained in and the MAI tones generally are included in both and , the MAI in is reduced by the subtraction. In order to use the side information in an optimum way, the parameter is very important to balance the advantage of depressing MAI against the disadvantage of additional white noise. When , the proposed receiver reduces to the conventional FH/MFSK receiver (Fig. 2) . Assuming that the user "0" is the reference user, the received signal is the sum of the reference signal, multiple-access interference and channel noise, given by (2) where the first term represents the reference signal (or desired signal). The remaining terms consist of the multiple-access interference from nonreference users and white noise with two-sided power spectral density of height . The phases and are independent random variables uniformly distributed in [0, ). and are the signal amplitudes of reference and nonreference users, respectively, and are independent Rayleigh random variables with the second moment and , respectively. For simple analysis, we assume that all signals are received with the same average power . Furthermore, we assume that the delays ( ) of nonreference signals are random variables. During the th signal symbol, the signal frequency is and the corresponding pair of orthogonal basis functions and for channel of the demodulator (Figs. 1 and 2) are given by (3) where .
III. ANALYSIS
As shown in Fig. 1 , the random variable , , represents the output of the th channel of the demodulator and is the subtraction of the square-roots of two sums, given by (4) where (5) (6) (7) and (8) The bit error probability of receiver can be obtained by assuming that the desired signal is present in channel 0 of the demodulator (i.e.,
). Since the cases of hit occurred in all channels of the receiver due to multiaccess interference are assumed independent of each other when the number of active users , the probability density functions { } of random variables { } are also independent. Thus, the probability of symbol error is given by (9a) Note that an interference symbol whose delay is less than or greater than does not cause any interference at the output of all correlators due to partial integration (see Fig. 1 ). In Fig. 3 , the time domain is divided into the observed symbol duration In any channel of the receiver, the occurrence of the multiaccess interference can be described in the following three cases. In Case I, channel is not hit by any nonreference user in duration A and B. In Case II, channel of the demodulator is hit by a nonreference user (or user ) in duration A and B.
The hit duration in duration A is and hit duration in duration B is , where is uniformly distributed in [0, ] and . In Case III, channel is not hit by a nonreference user in duration A, but is hit in duration B. The hit duration in duration B is , which is uniformly distributed in [0, .] For a large number ( ) of available hopping frequencies, the probability of two or more hits occurred in one of channels is small. Therefore, we only consider the case that channel of the reference demodulator is hit by one nonreference user. Two or more hits in one channel at same time are neglected. The probabilities of Cases I, II, and III occurred in one channel of the receiver are given by (10a) (10b) and (10c)
Since the probability density functions { } are independent of each other, can be obtained by averaging over all cases of hit occurred in channel (11) where , and are the conditional probability density functions of , conditioned on the hit Case I, II, and III, respectively, and are discussed and derived in the following. 1) Case I:
In Sase I, channel is not hit by any nonreference user. The random variables and in (5) and (6) are given by (12) and (13) shown at the bottom of the page where and 0 for and , respectively. Since the two terms on the right hand side of (12) or (13) are Gaussian, both and are Gaussian random variables with the same variance (14) where and . Therefore, the output of the square root is a Rayleigh random variable with the following probability density function:
From (7) and (8), and are given by (16) and (17) shown at the bottom of the page where both and are zero mean Gaussian random variables with variance (18) Therefore, is a Rayleigh random variable with the following probability density function
The probability density function of the th channel output ( ) is convolution between (15) and (19),
Substituting (15) (24), (25) and (28) In Case III, channel is not hit by an nonreference user during the observed symbol period, but is hit during the adjacent symbol of the observed signal symbol. The hit duration is uniformly distributed in [0,
]. In this case, the random variables and are the same as that in Case I, and the random variables and are same as (26) and (27) in Case II but with uniformly distributed on [0, ] (see Fig. 3 ). Since both and do not include common multiple access interference unlike (22) and (23) in Case II, { } are independent of { }. The pdf of is given by (15). However, given , since both and are Gaussian random variables with variance (32) whereas the pdf of is a Rayleigh distribution, given by (19) with the substitution of by . Furthermore, given , the pdf of in Case III is given by (21) with the substitution of by shown in (33) at the bottom of the page.
Finally, substituting (10), (21), (31) and (33) into (11), we can obtain the average pdf of random variable , and obtain the uncoded symbol error probability by (9) . Once after hard decision has been obtained, assuming symbol errors are random when interleaving technique is used, the corresponding bit error rate (BER) after hard decision is given by (34)
Reed-Solomon (RS) codes are nonbinary, linear, cyclic symbol-error-correcting block codes. The length of an RS code is -ary symbols, of which are redundancy symbols; can be chosen between 1 and . In this paper, we select so that the coding rate is nearly 1/2, and the code can correct up to symbol errors. When decoding of RS codes with hard decision is employed, the symbol error probability after RS decoding is well approximated by [6] (35) where and . The BER after decoding is approximated by substituting in (34) and by and .
IV. NUMERICAL RESULTS
The probability of bit error of the novel MFSK receiver in a FHMA system with the Rayleigh-fading channel is now numerically computed. For fair comparison, all of the following results are obtained under the condition that is fixed where for coding. First, the effects of the parameter of the additional partial correlators on the performance of the MFSK receiver are shown in Figs. 4 and 5. The probability of bit error is shown in Fig. 4 for various values of when the modulation order , whereas it is shown in Fig. 5 for various values of when dB. Note that the performance of a conventional receiver is shown in the both figures when . It can be seen from Fig. 4 that when dB, the performance of a conventional receiver is better. However, when is large, i.e., dB, the performance of a novel receiver is better. The probability of bit error decreases when increases for a given value of . When takes an optimum value ( ), the error probability reaches the minimum. When keeps increasing after the optimum value, the probability of error steadily increases. The optimum value of is a function of , but it falls in the region from approximately 0.3 to 0.5. The optimum region of from 0.3 to 0.5 can also be observed in Fig. 5 when . Note that in the novel receiver, the MAI can be reduced in the subtraction of and in the Case II. For the Cases I and III, however, the use of additional partial correlators introduce more noise. The noise increases when increases. Thus, an optimum value of exists. When reduces, the noise energy increases and optimum value of decreases. On the other hand, when the channel is hit by a MAI tone, the use of additional partial correlators reduces the output of channel . If the channel is signal channel, the additional partial correlators are destructive to the performance. The probability that the signal channel is hit is . This is the reason when the modulation order is larger, the effect of the novel receiver is better, and the optimum value of also increases. It can also be seen from the both figures that given or , the performance is not very sensitive to when takes any value from the region of 0.3 to 0.5. Therefore, the medium value of is used for following figures. The BER performance of the novel and conventional receiver is plotted in Fig. 6 as a function of when the modulation order . The simulation result is also shown for comparison. It can be seen that when is small, the performance of a novel receiver is slightly poorer than that of a conventional receiver since the white noise dominates the multiple access interference. However, when is large, the multiple access interference dominates so that the novel receiver is better because it uses the side information of the interfering signal to reduce the interference. When is very large, the significant improvement in performance has been achieved with the novel receiver. It can be seen from this figure that the analytical results are very close to simulation results so that our analytic results are very valid. Fig. 7 illustrates the BER for both receivers as a function of modulation order . It can be seen that when , the conventional receiver performances better than novel receiver. However, when , the novel receiver is better. For a fixed system bandwidth, the best performance is achieved when for a conventional receiver, while the optimum value of is 64 for a novel receiver. Actually, this is consistent with Fig. 5 . When is larger than the optimum value, the performance degrades.
Finally, the BER is shown in Fig. 8 as a function of number of active users ( ). It can be seen that for a BER of 10 , the system capacity with novel receivers is almost as twice as that with conventional receivers.
V. CONCLUSION
In this paper, the performance of the novel FHMA/MFSK receiver has been investigated. The following conclusions have been drawn: 1) the novel receiver performs much better than a conventional receiver for a wide range of signal to noise ratio; 2) the optimum value of parameter of the partial correlators in the novel receiver is in the region of 0.3 to 0.5; 3) for a fixed system bandwidth, the optimum modulation order is 64 for novel receivers, while the optimum is 32 for conventional receivers; 4) the capacity of the system with novel receivers is almost twice as that of the system with conventional receivers.
